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Materials and Synthesis of HTMs
Optical, electrochemical and hole mobility parameters 
All chemicals and reagents were purchased from TCI, Alfa, Sigma-Aldrich or Sinopharm Chemical Reagent Co.. Toluene was dehydrated by 4Å molecular sieves. Other chemicals were used as received with further processing. The final products are synthesized via Buchwald-Hartwig and Suzuki-Miyaura cross-coupling reaction, respectively. The detailed synthetic procedures of them are shown as follows.
Br
Br 3 (0.1 M in toluene, 0.3 mL) were added into a 100 mL flask and degassed using Ar. Then the reaction mixture is kept with stirring at 100 o C for 2 days. After cooling down, the reaction mixture is diluted by 50 mL dichloromethane (DCM) and washed with 60 mL water for 2 times. The organic phase is dried by NaSO 4 , then removed solvent using a rotary evaporator. The crude product is purified by column chromatography (DCM : PE = 1 : 2) to obtain the product as orange solid (0.73 g, 83% 
Device fabrication
FTO glass plates were sequentially cleaned by ultrasonic bath, water and ethanol. The compact TiO 2 layer was deposited on the etched substrate by spray pyrolysis at 450 °C using a precursor solution of 0.6 ml titanium diisopropoxide and 0.4 ml bis(acetylacetonate) in 7 ml anhydrous isopropanol. Mesoporous TiO 2 films was deposited on the substrate by spin-coating of a diluted particle TiO 2 paste (Dyesol 30NR-T, 1:5 w/w diluted in ethanol) at 5500 rpm for 20 s. Then the substrates were sintered at 510 °C for 30 min. After cooling down, The perovskite layer was deposited by spin-coating the perovskite precursor solution by a single step procedure.
The perovskite precursor solution contained PbI 2 (
and MABr (0.2 M) dissolved in a mixed solvent of DMF and DMSO solution (800 μl, volume ratio 1:4). The spin-coating procedure was carried out first 2000 rpm for 10 s, second 5000 rpm for 30 s. 90 µl chlorobenzene was poured on the spinning substrate during the second spin-coating step 15 s before the end of the procedure.The substrate was immediately heated at 100 °C for 1h on a hotplate. The HTM was subsequently deposited on the substrate by spin-coating at 4000 rpm for 20 s. The HTM solution were prepared in anhydrous toluene (A101: 12 mg mL -1 , A102: 45 mg mL -1 , spiroOMeTAD: 73 mg mL -1 ) with 15 μL of 4-tert-butylpyridine, 8 μL of lithium bis(trifluoromethylsulphonyl)imide (520 mg mL -1 in acetonitrile) and 6 μL (tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) bis(trifluoromethylsulphonyl)imide solution (300 mg mL -1 in acetonitrile). Finally, a ~60 nm thick Au counter electrode was deposited on top of the film by thermal evaporation.
Instrumentation
1 H NMR and 13 C NMR spectra were carried out on a Brücker spectrometer (400 MHz) with chemical shifts against tetramethylsilane (TMS). . The UV-vis spectra were measured on a U3900H UV-Vis spectrophotometer (Hitachi, Japan). The current-voltage (J-V) characteristics of the PSC were carried out under AM 1.5 (100 mW cm -2 ) illumination that was provided by a 3A grade solar simulator (Newport,USA, 94043A). The incident photon-to-current conversion efficiency (IPCE) was recorded on QE/IPCE measurement kit (Newport, USA). The morphologies of the samples were investigated by atomic force microscopy (5500 AFM (Agilent Technologies)).
Fig. S1
The absorption spectra of A101, A102, and spiro-OMeTAD in CH 2 Cl 2 solution and on glass films, respectively. 
A simple analysis of relative costs of spiro-OMeTAD and A102
The lab synthesis cost of A102 are estimated on a model originally proposed by Osedach et al. [1] . Recently, Pertrus and Malinauskas et al. [2, 3] has used the model to estimate the cost of hole transporting materials. For every synthetic step the required amounts of reactants, catalysts, reagents and solvents are calculated to obtain 1 gram of A102 are reported (Table S6) . [2, 3] 170-475 [2, 3] Fig. S11 The J-V curves of the CH 3 NH 3 PbI 3 -based solar cells employing doped or pristine A101, A102 or spiro-OMeTAD as HTM under AM 1.5 simulated sunlight. 
